To elucidate the role of guard-cell chloroplasts (GCCs) in stomatal movement, we investigated the effects of oligomycin, an inhibitor of oxidative phosphorylation, and 3- 
Introduction
In the epidermal tissue, only guard cells contain chloroplasts in plants of most species and these chloroplasts have been suggested to play an important role in stomatal opening. Blue light (BL) is most effective in inducing stomatal opening under background red light (RL), which is absorbed by guardcell chloroplasts (Ogawa et al. 1978 , Assmann et al. 1985 , Iino et al. 1985 , Shimazaki et al. 1986 ). As common properties, guard cell and mesophyll chloroplasts have both PSI and PSII (Zeiger et al. 1981 , Shimazaki et al. 1982 , they evolve O 2 (Shimazaki et al. 1982 , Fitzsimons and Weyers 1983 , Wu and Assmann 1993 , and they generate ATP by photophosphorylation (Grantz et al. 1985, Shimazaki and .
However, guard-cell chloroplasts (GCCs) have several features that are distinct from those of their mesophyll counterparts. GCCs exhibit a unique profile of fluorescence induction (Zeiger et al. 1981 , Shimazaki et al. 1982 and are converted to the mesophyll type by the irradiation of GCPs with green light (Mawson and Zeiger 1991) . The light-harvesting chlorophyll protein complex exists in the phosphorylated state in the dark and is dephosphorylated by RL, which is the reverse of what occurs in mesophyll chloroplasts (Kinoshita et al. 1993) . The chloroplasts accumulate starch in the dark and decompose it in the light, which is also the reverse of what occurs in mesophyll chloroplasts (Willmer and Fricker 1996) . The amount of protein and the activity of ribulose bisphosphate carboxylase (EC 4.1.1.39), the key enzyme in CO 2 fixation, are much lower in GCCs than in mesophyll chloroplasts (Gotow et al. 1988 , Reckmann et al. 1990 . By contrast, the activities of NADPglyceraldehyde-3-phosphate-dehydrogenase (EC 1.2.1.13), 3-phosphoglycerate kinase (EC 2.7.2.3), and triose phosphate isomerase (EC 5.3.1.1) in Calvin-Benson cycle enzymes of GCCs are several times higher than those in mesophyll chloroplasts on a chlorophyll basis (Shimazaki et al. 1989) . Furthermore, GCCs have higher NADP-malate dehydrogenase (EC 1.1.1.40) activity than their mesophyll counterpart, and they produce malate by RL (Gotow et al. 1985) . These unique features of GCCs suggest an organ-specific role, although their function with respect to stomatal movement remains unclear.
The unique composition of Calvin cycle enzymes in GCCs implies that guard cells consume ATP and NADPH for the most part for reactions other than CO 2 fixation; it has already been suggested that guard cells utilize significant amounts of ATP and NADPH for indirect transfer from chloroplasts to the cytosol, although the fate of the compounds is unknown (Shimazaki et al. 1989, Shimazaki and Okayama 1990) . If this is indeed the case, once 3-phosphoglycerate is produced in the chloroplasts by photosynthetic CO 2 fixation at a low rate (Gotow et al. 1988) or by translocation from the cytosol, 3-phosphoglycerate will be phosphorylated with ATP (by phosphoglycerate kinase), reduced with NADPH (by NADP-glyceraldehyde dehydrogenase), and finally converted to dihydroxyacetone phosphate (by triose phosphate isomerase). Dehydroxyacetone phosphate shuttled from the chloroplasts to cytosol in guard cells will produce ATP, NADH, and NADPH by reverse reactions (Heldt and Rapley 1970) . High activities of the enzymes that catalyze these reverse reactions have been observed in the cytosol of guard cells (Shimazaki et al. 1989) . However, there is no evidence demonstrating the translocation of ATP from the chloroplasts to the cytosol in guard cells.
Fusicoccin (FC), a fungal elicitor, activates the plasma membrane H + -ATPase (Marré 1979 , Palmgren 1998 , Sze et al. 1999 and induces H + -pumping by consumption of ATP, which provides the driving force for stomatal opening. Since FCinduced H + -pumping depends on the cytosolic ATP, the rate of H + -pumping may reflect the cytosolic concentrations of ATP. If ATP generated in GCCs is translocated to the cytosol and used for H + -pumping, the FC-induced H + -pumping should be promoted by RL, which induces photophosphorylation in GCCs (Shimazaki and Zeiger 1985) . Thus, it is possible to determine whether GCCs can provide ATP to the cytosol by evaluating the effects of RL on the rate of FC-induced H + pumping in GCPs and stomatal opening in the epidermis. In this study, we obtained evidence that RL stimulates both the H + pumping and stomatal opening, which are suppressed by the inhibitor of photosynthetic electron flow.
Results

Effect of RL illumination on FC-induced H + -pumping in oligomycin-treated GCPs
Typical time courses of the FC-induced H + -pumping in GCPs are shown in Fig 1. The rate of H + -pumping reached a maximum within 5 min after the addition of FC and showed a constant value at least for 20 min. Red light stimulated the H + -pumping rate by 20% (Fig. 1A) (Table 1) . As shown in Fig. 1A , the pumping in darkness was inhibited to 30% by oligomycin, an inhibitor of oxidative phosphorylation (Krömer and Heldt 1991 . FC was added at 10 mM to the protoplast suspension 40 min after RL illumination or dark incubation of GCPs. Oligomycin dissolved in DMSO was added to the GCP suspension at 20 mg ml -1 30 min before the addition of FC. DCMU dissolved in ethanol was added at 10 mM. The final concentrations of DMSO and ethanol in all reaction mixtures were 0.5%. A typical case from three independent experimental results is presented. Rates of H + pumping varied with batches of GCP preparation. for both oligomycin and DCMU, respectively (Table 1D ). The results suggest that ATP is produced by non-cyclic photophosphorylation in GCCs and that the supplementary ATP is used for H + pumping, thereby reducing the sensitivity to oligomycin.
In the experiments shown above (Fig. 1A , B), GCPs were illuminated by RL before the application of FC. To show the effect of RL more directly, RL was applied after the addition of FC (Fig. 2) . FC-induced H + -pumping was strongly inhibited by oligomycin in the dark, with the rate of 0.81 nmol H + (mg protein) -1 h -1 . When RL was applied to the GCPs, the pumping increased to 1.93 nmol H + (mg protein)
, and the increase was suppressed by DCMU (Table 2, Fig. 2 ). The result indicates that ATP is produced by non-cyclic photophosphorylation in GCCs and that the ATP is translocated from the chloroplasts to the cytosol and used for H + pumping in guard cells.
Effect of RL on FC-induced stomatal opening
Stomatal opening is driven by H + pumping across the plasma membrane, and H + pumping depends on cytosolic levels of ATP in guard cells. Thus, FC-induced stomatal opening would reflect the cytosolic ATP levels in guard cells. We investigated FC-induced stomatal opening using the epidermis of C. benghalensis under the conditions similar to those described above. Stomatal movement can be determined easily in this plant species. In the absence of FC, there was no actual stomatal opening under RL, even at a high light intensity of 1,000 mmol m -2 s -1 . The ineffectiveness of RL in stomatal opening is probably due to RL not activating the plasma membrane H + -ATPase in this plant species. When FC at 10 mM was added to the epidermis, the stomata opened, with aperture reaching over 10 mm within 90 min in darkness (Fig. 3) . RL stimulated this FC-induced stomatal opening by 10 to 30%. This RL effect is likely to involve the supplementary provision of ATP to the plasma membrane H + -ATPase that had been activated by FC. This result is in agreement with the notion that the ATP required for stomatal opening is derived primarily from oxidative phosphorylation, and that ATP generated in the chloroplasts can also be useful for stomatal opening (Shimazaki et al. 1983 , Schwartz and Zeiger 1984 , Mawson 1993 .
Effect of RL on FC-induced stomatal opening in the presence of oligomycin
Stomata did not open in the epidermal peels under RL in either the presence or absence of oligomycin (Fig. 4A) . When FC was added to the oligomycin-treated epidermal peels, stomata opened very slowly and the aperture reached 5 mm 90 min after the addition in darkness (Fig. 4A, B) . RL applied to the epidermis before the addition of FC, increased stomatal opening by about 100% (Fig. 4A, B) . The RL effect on stomatal opening was more prominent in the presence of oligomycin than in its absence, and this marked effect of RL was also observed in FC-induced H + -pumping ( Fig. 1, 2 ).
Stomata opened slowly by FC treatment in darkness in the presence of oligomycin (Fig. 4B ). RL applied to oligomycintreated peels promoted the FC-induced stomatal opening, and DCMU inhibited this promotive effect of RL (Fig. 4B) . The stomatal opening in the darkness was not affected by DCMU. These results suggest that the ATP produced in the chloroplasts by RL is translocated to the cytosol and is used for H + pumping. The RL effect became apparent when the oxidative phosphorylation was suppressed.
Immunological detection of H + -ATPase and the binding of 14-3-3 protein to the plasma membrane H + -ATPase
It is possible that the increase in H + pumping by RL is due to the increase in the amount of H + -ATPase, and the decrease is due to its decrease in response to the inhibitors. To examine whether this is indeed the case, we determined the amount of H + -ATPase in GCPs by Western blotting. GCPs, which had been treated with RL or inhibitors, were subjected to SDS-PAGE, and the H + -ATPase was detected immunologically. The amount of H + -ATPase with a molecular mass of 94 kDa was not changed by these treatments (Fig. 5A) .
The plasma membrane H + -ATPase is activated by the phosphorylation of its C-terminus with subsequent binding of the 14-3-3 protein to the terminus (Emi et al. 2001 , Fuglsang et al. 1999 , Kinoshita and Shimazaki 1999 , Maudoux et al. 2000 , Olsson et al. 1998 , Svennelid et al. 1999 . It is possible that the decrease in H + pumping by the inhibitors is due to the inactivation of the plasma membrane H + -ATPase. To examine whether this is the case, we determined the amount of 14-3-3 protein bound to H + -ATPase immunologically by far-Western analysis. Proteins from GCPs, which had been treated with RL or inhibitors, were subjected to SDS-PAGE. After addition of FC to GCPs in the dark or under RL, a large amount of the 14-3-3 protein bound to the H + -ATPase, which is an indication of the H + -ATPase activation (Fig. 5B) . The binding was affected neither by oligomycin nor by DCMU, indicating that the activation of H + -ATPase by FC occurred similarly irrespective of these inhibitors. These results suggest that the decrease in H + pumping by the inhibitors is not due to decrease in the activity of the plasma membrane H + -ATPase, but probably due to shortage in the content of ATP which fuels the H + -ATPase as a chemical energy.
Effect of RL on ATP content in GCPs
Oligomycin inhibited H + pumping and stomatal opening in darkness and RL partially reversed the inhibition. DCMU + -ATPase from GCPs in various treatments. GCPs were incubated in the dark or under RL for 40 min. The treatments were indicated between the two blots. Ten min after the initiation of incubation, oligomycin at 20 mg ml -1 was added to the GCP suspension. FC and DCMU were added 5 and 10 min before the collection of GCPs, respectively. After each treatment, GCPs were collected by centrifugation at 700´g for 4 min. Collected GCPs were solubilized, and equal amounts of proteins (15 mg) were separated by SDS-PAGE and then subjected to analyses. nullified the effect of RL. These treatments did not affect the H + -ATPase activity (Fig. 5) . It is, therefore, most likely that the treatments affect the content of ATP, which can be useful for H + pumping as a chemical energy. In darkness, oligomycin decreased the ATP content by 80% (Table 3 ). This action was partially relieved by RL. RL increased the ATP content by twofold in the presence of oligomycin, and this effect was completely eliminated by DCMU. These results indicate that the inhibition of H + pumping is due to a decrease in the content of ATP and that ATP is produced in GCCs by non-cyclic photophosphorylation in response to RL.
Discussion
Chloroplasts are the prominent feature of guard cells and are lacking in the epidermal cells of higher plants in most species. The GCCs, thus, are postulated to have organ-specific functions with respect to stomatal movement, and their role has been a subject of extensive study. Several hypotheses have thus been formed. (1) The chloroplasts photosynthesize sugars and provide them as osmotica, which have been suggested to be involved in stomatal opening in the afternoon (Talbott and Zeiger 1998) . (2) The chloroplasts act as reservoirs for starch, which provides a carbon skeleton such as malate when it is required (Willmer and Fricker 1996) . (3) The thylakoid membrane in the chloroplasts receives the BL signal and transmits the signal to the plasma membrane H + -ATPase through protein phosphorylation Shimazaki 1999, Zeiger 2000) ; in addition it receives RL to activate the H + -ATPase in different signaling mechanisms (Serrano et al. 1988) . (4) The chloroplasts provide ATP, which is generated in the thylakoid membrane, to fuel the plasma membrane H + -ATPase through the shuttle (Shimazaki et al. 1989, Shimazaki and Okayama 1990) . In this study, we have substantiated the last possibility through FC-dependent H + pumping in GCPs. FC induces H + pumping in GCPs, and this pumping is mediated by the plasma membrane H + -ATPase (Palmgren 1998 , Sze et al. 1999 . Because the H + -ATPase transports H + at the expense of ATP, the pumping activity is most likely to depend on the ATP levels in the cytosol of guard cells. Since the plasma membrane H + -ATPase was fully activated by FC in all our experimental conditions (Fig. 5) , the H + pumping activity seems to reflect the ATP levels in guard cells. Illumination of GCPs with RL, stimulated FC-induced H + pumping by approximately 20%, due to the photophosphorylation in guardcell chloroplasts driven by RL (Shimazaki and Zeiger 1985) . Oligomycin strongly inhibited FC-induced H + pumping in darkness (Table 1, Fig. 1) , and the inhibition was primarily due to the drastic decrease in the ATP level in GCPs (Table 3) . These results suggest that the ATP production from oxidative phosphorylation is nearly sufficient for FC-induced H + pumping in guard cells (Shimazaki et al. 1983 ). In accord with this result, the stimulative effect of RL on the H + pumping was slight, but became prominent when the oxidative phosphorylation was suppressed by oligomycin (Table 1 , 2 and Fig. 1, 2) . DCMU eliminated stimulative effect of RL on the H + pumping, suggesting that the photophosphorylation provided ATP to the plasma membrane H + -ATPase in guard cells. In support of this phenomenon, the ATP produced in GCCs can be translocated to the cytosol through a dihydroxyacetone phosphate/triose phosphate shuttle across the chloroplast envelope, and such a system is greatly developed in guard cells (Shimazaki et al. 1989, Shimazaki and Okayama 1990) . It is also possible that RL activates the H + -ATPase in guard cells (Serrano et al. 1988) ; this scenario, however, seems unlikely because FC already activates the H + -ATPase before the RL illumination in all conditions (Fig. 5B) .
Since the H + pumping drives stomatal opening and RL stimulates the pumping, we could expect RL to stimulate stomatal opening. To demonstrate this response, we used epidermal peels of C. benghalensis and measured the stomatal aperture under various experimental conditions. Unexpectedly, RL had no effect on stomatal opening in the absence of FC, an activator of the plasma membrane H + -ATPase (Fig. 3) . This was probably because RL did not activate the plasma membrane H + -ATPase in this plant species. This result is in contrast to that for V. faba, in which RL activates the H + -ATPase and induces stomatal opening in the epidermis (Schwartz and Zeiger 1984, Serrano et al. 1988 ). However, FC was found to induce stomatal opening in darkness, and the opening was slightly stimulated by RL in the epidermis of C. benghalensis (Fig. 3) . The RL effect on stomatal opening was remarkable when the oxidative phosphorylation was suppressed by oligomycin (Fig. 4) . These results are in accord with those of H + pumping in Vicia GCPs. The RL effect on stomatal opening was partially inhibited by DCMU, an inhibitor of PSII (Fig. 4B ). All these experimental results using both GCPs and epidermes indicate that ATP generated by photophosphorylation in GCCs is translocated from chloroplasts to the cytosol and is used for plasma membrane H + -ATPase. It is most likely that these changes in H + pumping and stomatal opening are dependent on the levels of ATP in guard cells. We therefore examined the effects of oligomycin and DCMU on the ATP levels in GCPs (Table 3) . When the oxidative phosphorylation was inhibited by oligomycin, the level of ATP was drastically decreased, and it was partially restored by RL. This RL effect was eliminated by DCMU. Oligomycin and DCMU did not affect the activity of plasma membrane H + -ATPase (Fig. 5) . These results account for those related to H + pumping in GCPs and stomatal opening in the epidermis shown above.
The contribution of non-cyclic photophosphorylation by GCCs to the FC-induced H + pumping can be evaluated on the basis of the data shown in Tables 1 and 2 Table 2 (Table 4) . From these values, we can calculate the rates of ATP supplied by non-cyclic photophosphorylation in vivo on a chlorophyll basis, provided that the plasma membrane H + -ATPase has a stoichiometry of H + /ATP (Sze et al. 1999) . The rates were calculated to be 84 and 109 mmol H + (mg chlorophyll) -1 h -1 , respectively, since the protein to chlorophyll ratio of Vicia GCPs was 110 (see Table 4 ). We compared these values with that of DCMU-sensitive photophosphorylation determined in isolated Vicia GCCs. The reported rate of non-cyclic photophosphorylation was 103 mmol ATP (mg chlorophyll) -1 h -1 (Shimazaki and Zeiger 1985) , and this value was comparable to those of ATP utilized for H + pumping in guard cells. These observations are in accord with the idea that the greater part of ATP produced in GCCs can be translocated from chloroplasts to the cytosol and used for H + pumping in the plasma membrane of guard cells, although in vivo rate of photophosphorylation in guard cells is difficult to determine.
Materials and Methods
Plant materials
Vicia faba L. (cv. Ryosai Issun) seeds were soaked in water overnight and germinated on vermiculite, and the seedlings were cultured hydroponically in a greenhouse at 20±2°C under sunlight. The culture solution consisted of a Hyponex 1/1,000 solution and 1/1,000 Hoagland No. 2 micronutrients containing Fe-EDTA (23 mg ml -1 ). The solution was aerated continuously and changed every 3 weeks. Commelina benghalensis ssp. plants were cultured in soil with leaf mold in a greenhouse at 25±7°C. Plants were watered twice a week.
Isolation of guard-cell protoplasts from Vicia faba
Guard-cell protoplasts were isolated enzymically from the abaxial epidermis of 4-to 8-week-old leaves of Vicia (Kinoshita and Shimazaki 1999) . Epidermal strips were peeled manually from the lower surfaces of the leaves. The midrib and leaf edges were removed from the peeled strips, which were then cut into small pieces with scissors and sonicated at 20 KHz in distilled water at 0°C for 30 s in a Ultrasonic disrupter (UD 201, Tomy Co., Tokyo). The pieces were then washed with ice-cold water. The sonicated epidermal strips were digested with 1% Cellulase Onozuka R-10 (Yakult Pharmaceutical Industry Co., Tokyo) containing 0.25 M mannitol, 1 mM CaCl 2 , 0.1% PVP-30, 0.2% BSA, and 10 mM MES-KOH (pH 5.4) for 90 min in a shaker bath (55 strokes min -1 ). The treated strips were rinsed with 0.4 M mannitol containing 1 mM CaCl 2 on nylon mesh (pore size = 58 mm) to remove cell debris and other contaminants. The strips were collected and again digested with 0.5% cellulase RS (Yakult Pharmaceutical Industry Co., Tokyo), 0.38 M mannitol, 1 mM CaCl 2 , 0.3% BSA, chloramphenicol (20 mg ml -1 ), 0.005% pectolyase Y-23 (Seishin Pharmaceutical Industry Co., Tokyo), 5 mM ascorbic acid, and 10 mM MES-KOH (pH 5.4) without shaking until GCPs were released (about 11-12 h). Digestion media were passed through a membrane filter (pore diameter = 0.22 mm, Fuji Film Co., Tokyo). All enzymatic treatments were carried out at 12°C. After the epidermal strips were digested, they were pipetted 30 times to release the protoplasts. The released protoplasts were passed through nylon mesh (pore size = 30 mm) and then collected by centrifugation at 110´g for 6 min. The obtained pellet that contained the GCPs was washed twice with 0.4 M mannitol containing 1 mM CaCl 2 then resuspended in the same medium and stored on ice until use.
Measurements of FC-induced H
+ -pumping FC-induced H + -pumping by Vicia GCPs was measured in terms of the decrease in pH of the medium (Shimazaki et al. 1986 ). The medium pH was monitored with a pH electrode (Beckman 39849) connected to a pH meter (Beckman f71) and recorded on a chart recorder (Yokogawa Type 3066, Tokyo, Japan). RL was obtained from a halogen lamp (Sylvania 82 V, 300 W) by filtering light through a glass cutoff filter (Corning 2-61). The light intensity was 1,000 mmol m -2 s -1 . The reaction mixture (1.0 ml) consisted of 0.125 mM MES-NaOH (pH 6.0), 1 mM CaCl 2 , 0.4 M mannitol, 10 mM KCl, and GCPs (30-50 mg as soluble protein). H + -pumping was initiated by adding 10 mM FC to the medium 40 min after RL illumination. Measurement of pH was carried out at 24°C.
Measurement of FC-induced stomatal opening in epidermis
The stomatal aperture was determined in the epidermis of C. Table 4 Contribution of photophosphorylation by GCCs to H + pumping across the plasma membrane in guard cells a We determined the content of protein and chlorophyll in GCPs from V. faba. The results indicate that a GCP contains 2 pg of chlorophyll and 220 pg of protein, and thus the protein to chlorophyll ratio in GCPs is 110. Chlorophyll and protein were determined by the methods of Mackinney (1941) and Bradford (1976) , respectively. b The rate of non-cyclic photophosphorylation in isolated GCCs was indicated according to the previous data from Shimazaki and Zeiger (1985 Weyers and Travis (1981) under dim light. Care was taken not to damage the epidermal cells. The epidermal strips (4´4 mm) were kept in distilled water for 30 min in darkness. Stomatal opening was initiated by transferring the epidermis to the incubation medium containing 10 mM FC. Two epidermal strips were floated on incubation medium in a small Petri dish (16 mm in diameter). The incubation medium (2.5 ml) consisted of 10 mM MES-NaOH (pH 6.1), 30 mM KCl, and 0.1 mM CaCl 2 . A preliminary investigation had indicated that a KCl concentration of 30 mM was sufficient for light-dependent stomatal opening of C. benghalensis under the present experimental conditions. Apertures of 50 stomata were measured microscopically within 6 min. The epidermal strips were illuminated with RL from below for 2 h. RL was obtained by passing the light from a halogen lamp (Sylvania 82 V, 300 W) through a red glass filter (Corning 2-61). The light intensity was 1,000 mmol m -2 s -1 . To remove heat, a water layer (45 mm) and a heat-absorbing glass filter (4 mm) were inserted between the RL source and the sample.
Electrophoresis and protein immunoblotting
For complete solubilization, GCP suspension (for approximately 100 mg protein in 100 ml) was mixed with an equal volume of solution containing 20 mM MOPS-KOH (pH 7.5), 2% (v/v) Triton X-100, 50 mg ml -1 DNase I (Sigma), 1 mM PMSF, 0.1 mM leupeptin. After 15 min of incubation at room temperature, this mixture was solubilized in the SDS cocktail at room temperature and subjected to SDS-PAGE (15 mg protein per lane) (Laemmli 1970) . Immunological detection in the Western blots was carried out as described previously (Kinoshita and Shimazaki 1999) and as briefly described below. After SDS-PAGE, the proteins were transferred to nitrocellulose membranes (Hybond-C, Amersham, Co., U.K.) and incubated with rabbit antisera to the plasma membrane H + -ATPase (Kinoshita and Shimazaki 1999 ). The goat anti-rabbit IgG secondary antibody was conjugated to alkaline phosphatase (Bio-Rad lab, CA, U.S.A.). The alkaline phosphatase reaction was developed by 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium.
Far-Western blot analysis
Guard-cell proteins were subjected to SDS-PAGE and electroblotted onto nitrocellulose membrane. Binding of a 14-3-3 protein was determined by far-Western blotting according to the previous method (Kinoshita and Shimazaki 1999) .
ATP measurement
ATP was determined by the luciferine-luciferase method (Strehler 1974) . GCPs suspended in the basal reaction mixture (1.0 ml) were incubated for 40 min in the dark or under RL illumination at 24°C in the presence or absence of inhibitors. ATP was extracted from 100 ml of GCP suspension by adding 0.7 ml of ice-cold 0.2 M HClO 4 , the mixture was then allowed to stand at 0°C for 5 min for complete adenylate extraction. The extracted ATP solution was neutralized by adding an appropriate volume of 0.5 M KOH and 0.5 ml of 0.2 M phosphate buffer (pH 7.2), and after centrifugation (1,600´g, 10 min), the supernatant was used for ATP determination. The reaction was started by adding 100 ml of protoplast extract to 100 ml of the luciferine-luciferase luminous reagent (Toyo ink Co. Tokyo, Japan). The luminescence was integrated for 10 s using a luminometer (Dainippon Pharmacy Co., Tokyo, Japan).
Protein determination
Protein was determined according to the method of Bradford (1976) . BSA was used as the protein standard.
